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SUMMARY 

Film- cooling experiments were conducted at four levels of free-stream turbulence 
to test the hypothesis that the film- cooling effectiveness is inversely relatea to the free- 
stream turbulence level. The hot-gas operating conditions were held constant at a tem- 
perature of 590 K, a pressure of 1 atmosphere, and a velocity of 62 meters per second. 
The film- cooling air was at ambient inlet temperature. The film- cooling flow rates 
were 2.5, 5.0, 7. 5, and 10. 0 percent of the total airflow. 

Blockage plates with blockage areas of 0, 52, 72, and 90 percent were placed up- 
stream of the film- cooling slot and produced axial turbulence intensities of 7, 14, 23, 
and 35 percent, respectively. The film- cooling effectiveness decreased as much as 
50 percent as the free-stream turbulence intensity was increased from 7 to 35 percent. 

A comparison was made between the turbulent mixing film- cooling correlation of 
Juhasz and Marek (NASA TN D-6360) and the experimental data. The agreement be- 
tween the measured axial turbulence intensity and the calculated turbulent mixing coef- 
ficient was poor, the turbulent mixing coefficient being considerably less than the axial 
turbulence intensity. In this experiment for blockage areas of 52 and 72 percent, cor- 
responding to average axial turbulence intensities of 14 and 23 percent, respectively, 
the calculated turbulent mixing coefficient was 0. 05±0. 03. 


INTRODUCTION 

A film- cooling experiment was conducted over a range of turbulence intensities to 
test the hypothesis that the film- cooling effectiveness is inversely related to the free- 
stream turbulence intensity. 

Juhasz and Marek (ref. 1) correlated film -cooling effectiveness data taken in a 
sector combustor with a turbulent mixing equation. For the combustor data, they found 
a value of turbulent mixing coefficient C m as high as 0. 15, whereas for film-cooling 
data taken in low-turbulence wind tunnels the value of C m was calculated to be approx- 



imately 0. 01. They assumed that the large difference in the correlating parameter C m 
was due to the higher turbulence within the combustor, and they postulated that the tur- 
bulent mixing coefficient was equal to the hot-gas turbulence intensity. Mularz and 
Schultz (ref. 2) measured film- cooling data and turbulence data in a full-scale annular 
gas turbine combustor. They found that the turbulent mixing coefficient was only 
10 percent of the turbulence intensity. The turbulent mixing coefficient was calculated 
to be from 0. 022 to 0. 04, whereas the measured axial turbulence intensity was 35 per- 
cent. Testing the correlation in a combustor is inaccurate because there are large 
temperature and velocity gradients making it difficult to define a single value of hot- gas 
temperature and velocity. 

In this experiment the effect of free-stream turbulence on the film- cooling effective- 
ness was tested under the controlled conditions of a uniform hot- gas temperature (590 K) 
and a constant hot-gas velocity (62 m/sec) in a 10. 5- by 37-centimeter rectangular duct. 
The turbulence of the hot- gas stream was varied by placing perforated blockage plates 
upstream of the film- cooling slot. Blockage areas of 0, 52, 72, and 90 percent were 
used. The film-cooling slot height was 0.63 centimeter. Ambient- temperature cooling 
air was used. The cooling mass flow was 2. 5, 5. 0, 7. 5, and 10. 0 percent of the total 
airflow. 

The variation of film- cooling effectiveness with blockage area was determined. The 
calculated turbulent mixing coefficient C m was compared with the measured axial and 
lateral turbulence intensities. 


SYMBOLS 

C m turbulent mixing coefficient defined by eq. (3) 

L integral length scale of turbulence defined by eq. (A2) 
M mass flux ratio, p g U s A> H U H 
m g net mass entrained by film -cooling stream 
m g mass flow rate of film at slot 

R autocorrelation coefficient defined by eq. (Al) 

S film slot height 

T^ film temperature 

Tjj hot- gas temperature 
T g film inlet temperature 

t time 


2 



U H 

U s 
u ’ 

V’ 

W 

X 

Of 


rjf 


H 


u 


axial hot- gas stream velocity 

film velocity at slot 

fluctuating axial velocity 

fluctuating velocity normal to test plate 

width of test duct 

distance downstream of slot exit 

time delay used in autocorrelation coefficient (see eq. 

film-cooling effectiveness 

hot- gas density 

density of film at slot exit 


axial turbulence intensity, x 100/U H , 

lateral turbulence intensity, p x 100/U H 


percent 
, percent 


(Al)) 


APPARATUS AND PROCEDURE 
Flow System 


The experiment was carried out at atmospheric pressure in a 10. 5- centimeter- high 
by 3 7- centimeter- wide rectangular test section. The perforated blockage plates which 
were used for turbulence generators were placed 41 centimeters (approximately four 
duct heights) upstream of the cooling slot exit. 

The airflow schematic is shown in figure 1. The temperature of the main airstream 
was increased to 590 K with a vitiating preheater using Jet A fuel. A large plenum was 
used downstream of the preheater to produce a well mixed stream at low turbulence. 

The hot gas then entered the test section through the perforated blockage plate. 

The film- cooling air was separately metered and entered the test section through a 
0. 63- centimeter continuous slot which extended the complete width of the test section. 
The slot lip was tapered to a knife edge to prevent additional turbulence from the lip 
wake. The film- cooling stream was at ambient temperature and pressure. 

The undersurface of the plate was insulated to minimize convective heat losses. 

The test plate was 0. 31- centimeter- thick 304 stainless steel. 


3 



Turbulence Generators 


Four levels of turbulence were generated with plates with blockage areas of 0, 52, 
72, and 90 percent. The plates were placed far enough upstream of the slot exit to allow 
the velocity profiles to become uniform. 

Since the decay rate of turbulence is inversely proportional to the mesh length (the 
distance from hole center to hole center) (ref. 3), the mesh length was made large to 
minimize the turbulence decay over the length of the film- cooled plate. The blockage 
plates used had two rows of seven holes each with a mesh length of 5. 3 centimeters, as 
shown in figure 2. - 


Temperature Measurements 

Test- plate temperatures were measured along the centerline of the test plate with 
Chromel-Alumel thermocouples placed 2. 54 centimeters apart (fig. 3). The hot-gas 
temperature was determined by averaging readings from four Chromel-Alumel thermo- 
couples placed upstream of the blockage plates. The inlet film-cooling air temperature 
was measured with a thermocouple placed in the inlet slot. Some heating of the cooling 
air (about 20 K) occurred because of convection through the test duct upstream of the 
slot exit between the injection tubes and the slot thermocouple (see fig. 1). 


Turbulence Measurements 

Turbulence was measured in the hot- gas stream at ambient temperature at the 
same mass flow rate as the 590 K data. Maintaining a constant mass flow rate resulted 
in an increase in the Reynolds number from 189 000 to 334 000 because of the decrease 
in viscosity with decreasing temperature. The effect was assumed to be small because 
of the high value of -the Reynolds number. The velocity and turbulence of the stream 
were measured with a hot-wire anemometer which was placed in the center of the duct 
and traversed normal to the test plate. Hot-wire measurements were taken at the axial 
locations shown in figure 3. In the direction normal to the test plate, measurements 
were taken at 3. 2, 5.7, and 8. 2 centimeters from the test plate. The data reported are 
the averages of these three values, which were very nearly equal. The anemometer was 
operated at constant temperature. The tungsten hot wire was 4 micrometers in diam- 
eter by 1.25 millimeters long and was calibrated in a low- turbulence nozzle. It was 
assumed that operating the wire in a high-turbulence gas stream did not change its re- 
sponse. The signal was linearized, and the mean velocity U was measured with a 
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direct- current voltmeter. The mean fluctuating turbulence velocities u T and v T were 
measured with a root- mean- square voltmeter. 

At the high turbulence encountered at some conditions, the turbulence intensities 
measured were expected to have a relative error of 10 to 20 percent because of the non- 
linear nature of the hot-wire response (ref. 4). 

The alternating- current component of the hot-wire signal was tape recorded for 
1 minute on an FM tape recorder. This tape was used to determine the autocorrelation 
coefficient R and the energy spectrum. The autocorrelation coefficient was determined 
by a correlator using 16 000 samples and having a 20-microsecond sampling time. The 
energy spectrum was determined by a narrow-band spectrum analyzer. 


ANALYSIS 


Film- Cooling Correlation 


The film- cooling effectiveness is defined as 



( 1 ) 


From an energy balance on the film stream, Stollery and El-Ehwany (ref. 5) showed 
that the film- cooling effectiveness is related to the quantity of hot gas entrained by the 
film -cooling layer by 


Vf = 


m. 


m„ + in 
s e 


( 2 ) 


Juhasz and Marek (ref. 1) assumed that the entrainment rate is proportional to the hot- 
gas mass flux and is given by 


m e = C mP H U H xW (3) 

The turbulent mixing coefficient C m was postulated to be equal to the turbulence 
intensity. The amount of hot gas entrained by the film- cooling stream can be calculated 
from equation (3) for various values of the turbulent mixing coefficient. 

Equations (2) and (3) can be combined to give 
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1 + C 
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Values of the turbulent mixing coefficient C m were calculated for various conditions 
from the experimental wall temperatures by using equation (4). The values of C m 
were then compared with the free- stream turbulence intensities. 


Estimated Accuracy of Experimental Film- Cooling Data 

In the calculation of the film- cooling effectiveness, it is necessary to know the film- 
cooling stream temperature at each axial location. For an adiabatic, film -cooled 
wall, the film stream temperatures and wall temperatures are equal. For calculation 
of the film- cooling effectiveness in this experiment, it was assumed that the local film- 
cooling stream temperatures were equal to the wall temperatures. The maximum dif- 
ference between the film- cooling stream temperatures and the wall temperatures, due 
to axial wall conduction, was estimated to be 7 K. This estimate was made by using the 
hot- gas mass flux to calculate the convective heat- transfer coefficient between the film 
stream and the wall. 

No correction was applied to the data because of the uncertainty in the value of the 
convective heat-transfer coefficient at low values of x/S and because the correction 
would have been of the same order of magnitude as the uncertainties in the temperature 
data. It was estimated that variations in the hot- gas temperature of ±5 K were present. 
For the hot-gas temperature of 590 K and the inlet film-cooling temperature of 300 K, 
the sum of the maximum estimated wall- conduction correction and the uncertainty in the 
experimental temperature data would result in a maximum deviation in the film- cooling 
effectiveness of 0. 04. 


RESULTS AND DISCUSSION 

The film-cooling effectiveness was determined at four levels of free-stream turbu- 
lence. Plates with blockage areas of 0, 52, 72, and 90 percent were placed in the hot- 
gas stream and produced turbulence levels of 7, 14, 23, and 35 percent, respectively. 

The effect of blockage area on the film-cooled test-plate temperatures is discussed 
first and then the relation between the turbulence intensity and the turbulent mixing coef- 
ficient C, is discussed. 
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Test- Plate Temperature 


The film- cooled test- plate temperatures are shown in figure 4 as a function of 
downstream distance with blockage area as a parameter. The results show an increase 
in plate temperatures with increasing blockage, which was attributed to higher entrain- 
ment rates of hot gas by the film- cooling stream. Test-plate temperatures increased 
by 70 K when the blockage area increased from 0 to 90 percent. The test-plate temper- 
ature at the 21. 28-centimeter location was below the 18.74-centimeter plate tempera- 
ture because of wall conduction to the plate supports. The experimental data are given 
in table I. 

When the blockage plates were added, there was a change in velocity profiles. The 
ambient-temperature velocity profiles 0. 63 centimeter downstream of the slot exit as 
determined from the hot-wire data are shown in figure 5. With no blockage the profile 
was center peaked. With a blockage plate in the flow, the profile was inverted and was 
center deficient. For the four configurations the maximum velocity was only 20 percent 
higher than the mean velocity, which indicates a relatively uniform velocity profile. 

The profiles for the three blockage plates had the same shape and differed from each 
other by less than 10 percent. With similar hot-gas profiles the 20-percent change in 
hot-gas velocity would not by itself account for the differences in test-plate tempera- 
tures shown in figure 4. 


Film- Cooling Effectiveness 

The temperature data were converted to the film- cooling effectiveness ?] f by using 
equation (1) and assuming that the wall temperature and the film temperature were equal. 
The film- cooling effectiveness is plotted as a function of the downstream distance param- 
eter x/MS in figure 6 with blockage as a parameter. This plot takes into account the 
small changes in flow rates from run to run. 

As the blockage area was increased, the film- cooling effectiveness decreased for a 
given value of x/MS. As the blockage was increased from 0 to 90 percent, the film- 
cooling effectiveness decreased by as much as 0.3. 

Figure 7 shows a comparison between the experimental data and the turbulent mix- 
ing correlation of reference 1 given by 


7?f - 


1 


1 + c 


m 


x 

MS 


( 4 ) 
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The data show considerable deviation from the turbulent mixing correlation if a constant 
value of C m over the whole test plate is assumed. If a constant value of C m is taken 
for each blockage plate, the deviation between the correlation and the film- cooling 
effectiveness is ±30 percent. 

The value of C m inferred from the experimental data by using equation (4) is 
plotted as a function of x/MS in figure 8. The figure shows that C m is not only a 
function of blockage but also a function of x/MS. At the slot exit for high cooling flows, 
small errors in test-plate temperature could produce large errors in C . The value 
of C m varied by ±50 percent over the length of the test plate. The average turbulent 
mixing coefficient C m was as follows: 


Blockage, 

percent 

Average turbulent 
mixing coefficient, 

C m 

0 

0. 025±0. 01 

52 

0. 04±0. 02 

72 

0. 05 ±0. 03 

90 

0. 1±0. 05 


Increasing the blockage did increase C m and resulted in a more rapid degradation in 
the film -coo ling effectiveness. 

The turbulent mixing coefficient C m at the 11. 1- centimeter location is cross 
plotted as a function of cooling mass flow in figure 9. As the velocity ratio increased 
toward 1, C m decreased, which indicates a decrease in the hot- gas entrainment by the 
film- cooling stream with an accompanying increase in the film- cooling effectiveness. 
From the data of figure 9, which are for an x/S of 17. 6, it appears that a velocity ratio 
effect existed and was more dominant at higher turbulence levels. The effect may have 
been related to the increase in momentum of the cooling stream. 

Kacker and White law (ref. 6) found an increase in the film- cooling effectiveness as 
the velocity ratio approached 1. For their data the x/S values had to be at least 25 for 
the effect to be present. Their data showed a change in C m of 0. 005, from 0. 015 to 
0. 010, as the velocity ratio went from 0. 5 to 1. 0. They attributed the decrease in mix- 
ing to the elimination of velocity shear in the mixing region. 

In the work of reference 1 the film- cooling effectiveness did not increase as the slot 
height was decreased at constant cooling flow to allow the velocity ratio to approach 1. 
However, the film degradation was already very high, and the effect may have been 
small. 
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Relation Between Turbulent Mixing Coefficient and Turbulence Intensity 


The axial turbulence intensity was measured in the center of the duct at various 
axial locations to determine whether a relation exists between the turbulence intensity 
and the turbulent mixing coefficient. The turbulence intensities were measured at am- 
bient temperature, as discussed in the section APPARATUS AND PROCEDURE. The 
average turbulence intensity ranged from 7 to 35 percent, whereas the turbulent mixing 
coefficient ranged from 0. 02 to 0. 14. Figure 10 shows the variation of the axial turbu- 
lence intensity with distance. There was a relative variation of ±10 percent in the data 
from day to day. The higher blockage resulted in a higher turbulence intensity. Also 
the turbulence intensity decreased with increasing distance from the blockage plate. 

The average turbulence intensities above the test area were 7, 14, 23, and 35 percent 
for blockage areas of 0, 52, 72, and 90 percent, respectively. 

A plot of C m as a function of the turbulence intensity is shown in figure 11. The 
value of C m was much lower than the turbulence intensity. There was a trend toward 
higher values of C m at higher values of the turbulence intensity. The relation might be 
expressed by 


C = (0.25±0. 15) - 5 - 
m 100 


( 5 ) 


In the work of reference 1, it was postulated that the rate of mixing should be re- 
lated to the lateral fluctuating velocity normal to the test plate v f by the expression 



( 6 ) 


In this experiment, in an effort to determine the magnitude of the lateral turbulence 
intensity, the wire was oriented parallel to the axial velocity. In this direction it would 
be less sensitive to fluctuations in the axial velocity. One of the support prongs of the 
hot wire was positioned upstream of the wire and influenced the flow which the wire saw; 
however, the lateral turbulence intensity should have been an indication of how isotropic 
the flow was. The wake of the support prong would result in values of intensity some- 
what higher than the true value . 

Figure 12 shows the mean lateral turbulence intensity normalized by the mean axial 
velocity. The lateral turbulence intensity was approximately 50 percent of the axial 
turbulence intensity, which indicates that the turbulence was highly nonisotropic. Plot- 
ting C m as a function of the lateral turbulence intensity still resulted in considerable 
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scatter, as shown in figure 13. The value of C m was lower than the value of the 
lateral turbulence intensity. 

Equation (6) is an oversimplification of the problem. A general relation for the 
turbulent mixing coefficient would be much more complex and would probably involve the 
turbulence of both the film- cooling stream and the hot-gas stream and the mixing gener- 
ated by the mixing shear layer between the film- cooling stream and the hot- gas stream. 
In this experiment the slot exit axial and lateral turbulence intensities defined in terms 
of the slot exit velocity were measured to be 20 and 10 percent, respectively, at the slot 
exit. The upstream hot- gas velocity profile also significantly affected the mixing along 
the test plate. 

The mixing which occurs at high turbulence levels in nonisotropic turbulence is not 
well understood. The scale of turbulence and the spectrum of turbulence should be im- 
portant parameters in characterizing the mixing. Further analysis of the turbulence 
measurements, including the autocorrelation coefficient, integral scale of turbulence, 
and energy spectrum, is presented in the appendix. 


CONCLUDING REMARKS 

Measurements showed that the film- cooling effectiveness decreases as the free- 
stream turbulence intensity increases. The present test section was located four duct 
heights downstream of the blockage, far enough downstream to be equivalent to a turbine 
inlet station. Gas turbine combustors usually are designed with 50- to 75- percent 
blockage . The data of this report indicate that the turbulent mixing coefficient which 
would be applicable for turbine cooling downstream of typical combustors ranges from 
0. 03 to 0. 08. In the work of references 7, 8, and 9, where data were taken in a com- 
bustor exhaust stream, the turbulent mixing coefficient was 0. 03, 0. 05, and 0. 05, re- 
spectively, which is within the range found in this experiment. 

Film- cooling data which have been measured in combustors have shown values of 
turbulent mixing coefficients ranging from 0. 02 to 0. 15. In the work of references 10 
and 11 turbulent mixing coefficients within the primary zone of 0. 03 and 0. 02 were cal- 
culated by comparison of equation (4) with experimental liner temperatures after correc- 
tions were made for convection and radiation. A value of the turbulent mixing coefficient 
within the dilution zone of 0. 15 was obtained in the study of reference 1, and values 
from 0. 022 to 0. 04 were obtained in the study of reference 2. Some of the differences 

in C values were due to the fact that the uncooled wall temperature was used as the 
m 

hot- gas temperature in the work of reference 1, whereas the mean combustor exit hot- 
gas temperature was used in the work of reference 2. 
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It is difficult to predict film temperatures with a one-dimensional model where 
large gradients in velocity and temperature are present and a two- or three-dimensional 
numerical model needs to be incorporated. However, the one -dimensional model is 
useful for estimation of cooling flows by using typical values for the turbulent mixing 
coefficient as applicable from the references cited. In addition, as shown in references 
2 and 11, after a value for the turbulent mixing coefficient is determined from initial 
experiments, this value can be used to calculate the effect of changes in the cooling flow 
or combustor operating conditions. 


SUMMARY OF RESULTS 

Film- cooled wall temperatures were measured downstream of turbulence -producing 
blockage plates within a 10. 5- centimeter- high by 37- centimeter- wide rectangular duct. 
Blockage areas of 0, 52, 72, and 90 percent were used. The plates were placed four 
duct heights upstream of the film- cooled wall and produced average axial turbulence 
intensities of 7, 14, 23, and 35 percent. 

Film- cooling experiments were conducted with a hot-gas temperature of 590 K and 
an ambient film-cooling air temperature. The hot-gas velocity was 62 meters per sec- 
ond, and the film- cooling airflow rates were 2.5, 5.0, 7.5, and 10. 0 percent of the 
total airflow. The following results were obtained: 

1. High turbulence resulted in more rapid degradation of the film- cooling layer and 
higher test-plate temperatures. The film- cooling effectiveness decreased as much as 
50 percent as the axial turbulence intensity was increased from 7 to 35 percent. 

2. The difference between the film- cooling effectiveness predicted from the turbu- 
lent mixing correlation by assuming a constant value of the turbulent mixing coefficient 
and the experimental data over the test plate was ±30 percent. 

3. For combustors with 50- to 75-percent blockage, a value of the turbulent mixing 
coefficient applicable at the turbine station would be 0. 05±0. 03. 

4. The correlation between the turbulent mixing coefficient and the axial turbulence 
intensity was poor. The turbulent mixing coefficient was between 10 and 40 percent of 
the axial turbulence intensity. However, a trend existed toward higher turbulent mixing 
coefficients at higher turbulence. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, January 13, 1975, 

505-03. 
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APPENDIX - MEASUREMENT OF TURBULENCE PARAMETERS 


The net entrainment by the film stream should depend on the scale and spectrum of 
turbulence. To document the turbulence characteristics, several further measurements 
were made including the autocorrelation coefficient R and the energy spectrum. The 
autocorrelation coefficient, which gives an indication of the periodicity of the eddies, is 
defined as 


R(o') = lim 


u 


,2 


- f u’(t)u’ 
t *T) 


(t - o') dt 


(Al) 


It is presented in figure 14. The function follows the typical exponential decay charac- 
teristic of random turbulence. Figures 14(a) and (b) show the variation of the autocoi - 
relation coefficient with changes in blockage and downstream distance, respectively. 
The coefficient did not change significantly with either variation. 

The integral scale of turbulence, which gives an indication of the mean eddy size, 
is defined as 


f oo 

L = U w / R(a) da (A2) 

H ‘'O 

The value of the integral was determined for each configuration by integrating to the 
first negative value of the autocorrelation coefficient R as was done in the work of 
reference 12. The integral scale of turbulence with the blockage plates was equal to 
approximately one-half the mesh length and increased with distance from the slot 
(fig. 15). The three plates had the same integral scale of turbulence. With no blockage 
plate present the integral scale was equal to 0. 5 times the duct height and decreased 
with distance from the slot. Laufer (ref. 13) found the integral scale to be 0. 4 times 
the channel height. 

The energy spectrum of the turbulence was also determined and plotted in figure 16. 
Considerable energy existed in the low-frequency range below 1000 hertz. The spec- 
trum was very broad, which indicates the random nature of the turbulence. Dominant 
frequencies appeared at 6000 and 12 000 hertz, possibly as a result of instabilities in 
the anemometer electronics (fig. 16(c)). The spectrum above 2000 hertz followed the 
universal turbulent equilibrium -5/3 decay law (ref. 4). Figure 16(b) shows that the 
spectrum of lateral turbulence above 3000 hertz was very close to the axial turbulence 
spectrum, which indicates that the small-scale turbulence was nearly isotropic. 

In figure 16(a), the spectrum comparing the various blockage plates indicates that 
the energy at all frequencies was being increased as the blockage was increased. 
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TABLE I. - EXPERIMENTAL DATA 


Blockage 

area, 

percent 

Hot-gas 

flow 

rate, 

kg/sec 

Hot- gas 
temper- 
ature, 
K 

Cooling 

flow, 

kg/sec 

Cooling 

flow, 

percent 

Cooling 

air 

temper- 

ature, 

K 



Downstream distance, 

cm 

V* ‘ 


0. 95 

3.50 

6. 04 

8. 58 

11. 12 

13.66 

16.20 

18.74 

21.28 

Test- plate tern 

seratur 

e, K 



0 

1 

595 

0 


529 

557 

573 

577 

578 

579 

579 

579 

577 

571 


KH 

595 

.039 


338 

355 

385 

426 

460 

482 

496 

506 

511 

509 


1.46 

594 

.079 


315 

324 

335 

353 

379 

404 

424 

440 

451 

453 


1.45 

592 

. 119 

7.62 

306 

314 

326 

341 

360 

379 

396 

411 

422 

423 


1.45 

594 

.161 

9.97 

298 

306 

L l 

318 

332 

346 

358 

370 

381 

389 

389 

52 

■gf 

594 


2.60 

345 


436 

479 

504 

519 

527 

533 

535 

531 



588 


5.04 

318 


347 

379 

413 

438 

455 

468 

476 

475 


1.46 

587 

. 120 

7.61 

309 

Kmi 

330 

350 

378 

402 

422 

436 

446 

445 


1.42 

593 

. 156 

9.93 

299 

306 

317 

332 

349 

365 

380 

392 

402 

403 

72 

m 

596 

0 

0 

575 

584 

590 

590 

590 

590 

589 

- — 

587 

580 


■hi 

589 

.036 

2.42 

358 

400 

467 

503 

523 

534 

541 

--- 

545 

540 


1. 47 

581 

.076 

4.95 

329 

339 

365 

406 

441 

464 

479 

--- 

495 

494 


1.45 

589 

. 118 

7.54 

319 

325 

340 

365 

398 

424 

443 

--- 

465 

465 


1. 46 

590 

. 163 

10. 00 

311 

315 

324 

341 

364 

387 

405 
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Figure 1. - Airflow schematic showing test section. Width of test section, 37 centimeters. (Dimensions are in centimeters. ) 
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Figure 2. - Hole geometry of blockage plates. 
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Figure 3. - Locations of test-plate thermocouples and anemometer stations. (Dimensions are in 
centimeters. ) 



(a) Nominal cooling flow, 2. 5 percent. 


(b) Nominal cooling flow, 5. 0 percent. 




Downstream distance, x, cm 

(c) Nominal cooling flow, 7.5percent. (d> Nominal cooling flow, lO.Opercent. 

igure 4. - Wall temperature as function of downstream distance at various blockages of hot-gas stream. Hot-gas 
temperature, 590 K. 
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Distance from test plate, cm 



Figure 5. - Profile of axial velocity 0.63 centimeter downstream of slot lip. Nominal 
temperature, 290 K; mean axial velocity, 30 meters per second. 






Figure 6. - Effect of blockage area on film-cooling effectiveness 




Figure 7. - Comparison of turbulent mixing film-cooling correlation with experimental 
data. 
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(d) Blockage, 90 percent. 

Figure 8. - Variation of turbulent mixing coefficient with 
downstream distance parameter. 
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O^igure 10. - Axial turbulence intensity as function of downstream 
distance from slot exit. 
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Figure 11. - Comparison of axial turbulence intensity with 
turbulent mixing coefficient. 







(b) Effect of downstream distance. Measurements made in center of 
duct; blockage, 72 percent. 

Figure 14. - Autocorrelation function. Ambient temperature; duct 
velocity, 30 meters per second. 
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Energy spectrum function, 


(a) Effect of blockage plate geometry. Measurements made in center of duct 0.63 centimeter downstream of slot exit 
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(b) Effect of downstream distance. Measurements made in center of duct; blockage, 72 percent. 
Figure 16. - Energy spectrum. Ambient temperature; duct velocity, 30 meters per second. 
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(c) Effect of cooling flow rate. Measurements made 0.3 centimeter above test plate at distance of 0. 63 centimeter 
downstream of slot exit; blockage, 90 percent. 

Figure 16. - Concluded. 
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